Combining scanning tunneling microscopy and cathodoluminescence spectroscopy, we have explored different routes to produce luminescent MgO Eu films on a Mo(001) support. Codeposition of Eu and Mg in an O 2 ambience turned out to be unsuitable to prepare crystalline mixed oxides with distinct emission properties because of the large mismatch between the Eu and the Mg ion radius. In contrast, highly luminescent samples were obtained after annealing MgO-supported Eu particles in oxygen. The optically active species were identified as nanosized Eu 2 O 3 islands embedded in the first MgO layer, while single Eu ions inside the host lattice are of minor importance. The MgO Eu adsorption system exhibits a rich photon spectrum that comprises five emission bands in the wavelength region between 565 and 725 nm. They are assigned to electron transitions from the 5 D 0 excited to the 7 F J ground states of Eu 3+ , with the J quantum number running from 0 to 4. From the relative intensities of certain J transitions, we conclude that the respective Eu 3+ ions occupy sites without inversion symmetry, a condition that is best fulfilled by Eu species at the perimeter of the Eu 2 O 3 nanoislands. With increasing exposure, a europium-oxide film develops on top of the MgO surface, whose weak spectral signature is compatible with Eu 3+ ions in more centrosymmetric surroundings. Our work demonstrates that relevant properties of Eu-based phosphors, being typically prepared in the form of powder samples, can be generated in thin-film systems as well, the latter being accessible to a range of surface-science techniques due to their finite conductivity.
I. INTRODUCTION
Rare earth (RE) metal oxides and simple oxides doped with RE ions have fascinating electronic, optical, and chemical properties and are found in various applications, ranging from fuel cells, gas sensors, and biosensors to inorganic light emitters and heterogeneous catalysts. 1, 2 The specific properties of the RE compounds are governed by the distinct nature of their 4f states that are positioned close to the Fermi level but still feature the spatial localization of a core level. 3 The 4f orbitals are subject to negligible overlap with neighboring states, giving rise to atomiclike electronic and optical excitations in those materials. 4 Moreover, the occupancy of the 4f orbitals can be easily altered, which makes the corresponding oxides good electron donors or acceptors. 5 A traditional yet powerful approach to investigate RE species in wide-gap insulators is optical spectroscopy. 1, 6 The RE ions imprint distinct absorption and emission lines onto the optical response of the host material, which contain detailed information on their local environment and charge state. The optical signature results from electron transitions inside the 4f -state manifold that are often dipole forbidden due to the constant angular-momentum quantum number across the transition. However, the dipole selection rules are softened if the RE ion sits in a noncentrosymmetric crystal field or experiences temporal position changes due to vibrations of the host lattice, 7, 8 resulting in the appearance of narrow zero-phonon and phonon-assisted optical transitions in the RE spectra. 9 The interplay between binding symmetry and optical response was analyzed in detail for trivalent Eu 3+ impurities embedded in various inorganic hosts. [10] [11] [12] [13] [14] The Eu ions typically adopt a 7 F 0 ground-state configuration, while the primary light-emitting state is a 5 D 0 configuration. 1 Optical transitions occur mainly from the 5 D 0 to the 7 F J (0 < J < 6) manifold, giving rise to a series of red emission lines with intensities depending on the local Eu 3+ environment. From all possible transitions, only 5 D 0 → 7 F 1 is magnetically dipole allowed in the free ion; all others require J -level mixing induced by the crystal field. 12, 15 Whereas the odd-parity components of the crystal field enable electric dipole transitions between 5 D 0 and 7 F 2,4,6 in the first order, a combination of odd and even crystal-field terms gives rise to faint second-order transitions for the remaining J = 0, 3, 5 values. The intensities of the different J transitions, and in particular of the hypersensitive J = 2 peak, thus provide a good measure of the local crystal field acting on the Eu 3+ ions. The common route to investigate the optical behavior of Eu-doped inorganic phosphors is the preparation of powder samples with large active volume and hence high emission yield. [11] [12] [13] [14] [15] [16] [17] The main drawback of this approach is the limited access to local structural and electronic properties of the Eu ions, because powerful microscopic and spectroscopic techniques are often unable to explore the morphologically complex and electrically insulating powder oxides. Conclusions on the Eu 3+ lattice sites are therefore drawn from comparing the optical results with predictions obtained from a grouptheoretical treatment of the possible binding geometries. 1, 8 In this work, we try to overcome these restrictions by fabricating idealized model systems for Eu phosphors that can be accessed with the established methodology of surface science. 18, 19 For this purpose, MgO thin films were grown on a Mo(001) single crystal and functionalized by either inserting EuO x aggregates or adsorbing them onto the surface. Our approach enables comprehensive insight into structural and morphological properties of the MgO Eu system by means of low-energy electron diffraction (LEED) and scanning . The main image in (b) was obtained after heating the sample to 800 K, while the inset shows the film after annealing to 1100 K. tunneling microscopy (STM). Optical characterization was carried out with a variation of cathodoluminescence spectroscopy, in which the electron beam generated by the STM tip is used for a spatially localized excitation. 20 This method was already employed to explore the emission properties of individual metal particles, 21 quantum-well structures, 22, 23 and molecules, 24 but it has hardly been applied to oxide nanostructures due to their limited conductivity. However, a number of promising experiments were recently reported in this respect, e.g., on the role of defects and lattice impurities on the optical characteristics of bare MgO 25 and ZnO, 26 as well as of Cr-doped MgO 27 and Er-doped SiO 2 . 28 In this work, we combine the imaging and spectroscopic abilities of STM to analyze the interplay between geometric and optical properties of MgO Eu at the local scale.
II. EXPERIMENTAL DETAILS
The experiments were performed in a specifically designed, liquid-nitrogen-cooled STM that enabled photon detection out of a large solid angle of the tip-sample junction. 29 The setup consisted of a beetle-type STM head being placed in the center of a parabolic mirror. A second mirror focused the light onto the entrance slit of a grating spectrograph, equipped with gratings that had 150 and 600 lines/mm, combined with a charge-coupled-device detector. The instrument allowed us to detect ultralow photon fluxes in a wavelength range of 200-1200 nm. The spectral resolutions were 4 and 1 nm for the 150-and 600-line/mm grating, respectively. The vacuum chamber (2 × 10 −10 mbar base pressure) was further equipped with standard preparation and analysis tools, e.g., a quartz microbalance and a four-grid LEED/Auger system. The MgO host was prepared by physical vapor deposition of Mg in 5 × 10 −7 mbar O 2 onto a sputtered (1500-eV Ar + ions) and annealed (2000 K) Mo(001) crystal at 300 K. Crystallization was achieved by tempering the film at 1000 K in vacuum. The film thickness was chosen between 10 and 50 monolayers (ML), depending on the scope of the experiment. LEED measurements revealed a square (1 × 1) pattern, indicative of a rocksalt MgO(001) surface. At low thicknesses, the diffraction spots displayed a cross shape, reflecting a certain oxide mosaicity. The film surface comprised atomically flat, rectangular terraces 10-20 nm in size, separated by predominately [100]-directed dislocation lines [ Fig. 1(a) ]. The latter developed due to lattice strain induced by Mo support and neighboring oxide grains. The line defects appeared as 1-nm-wide troughs in STM images taken at positive sample bias because they exhibited reduced electron transmissibility due to a locally enhanced work function. 25 Closer inspection revealed a faint square pattern on top of the film surface, the remnant of an interfacial MgO-Mo coincidence lattice. Small Eu quantities, calibrated with a quartz microbalance, were either embedded into or deposited onto the MgO films using an e-beam evaporator.
III. RESULTS

A. Film preparation and topographic characterization
Two approaches were pursued to prepare MgO Eu systems: codeposition of Mg and Eu in an O 2 ambience (referred to as mixed systems) and deposition of Eu metal onto the MgO surface followed by an annealing step in O 2 (referred to as ad-systems). In the first case, 5 at% of Eu was added to the Mg-O 2 gas vapor used for oxide growth, and the sample was annealed to 800 K in vacuum thereafter. As a result, we obtained a nanocrystalline film that still exhibited the (1 × 1) LEED pattern of rocksalt MgO but showed a rough surface morphology with terrace sizes below 5 nm [ Fig. 1(b) ]. Apparently, the Eu strongly perturbed the crystallization process, and well-ordered MgO films were only obtained after annealing to 1000 K [ Fig. 1(b) , inset]. However, the better structural quality in that case did not indicate better accommodation of the Eu ions but rather their removal from the oxide lattice due to segregation and evaporation. 31 Typical MgO Eu ad-systems are shown in Fig. 2 for comparison. After deposition of 0.5 ML of metallic Eu, particles 1-3 nm in diameter and 1 nm in height were found on the surface. Most of them nucleated along the MgO dislocation lines, where linear aggregates developed at higher exposure [ Fig. 2(a) ]. 32 To stimulate Eu diffusion into the film, we annealed the samples to different temperatures in 5 × 10 −7 mbar O 2 . Vacuum annealing only led to Eu desorption, because the bare metal reached substantial vapor pressures already at low temperatures (10 −6 mbar at 600 K compared to 1800 K for Eu 2 O 3 ). 33 Still, most Eu evaporated during a typical 800-K annealing step in oxygen, and only a small fraction penetrated the surface in the form of small nanoinclusions with a distinct STM appearance [ Fig. 2 
. The latter displayed a couple of maxima surrounded by a dark ring and rose no more than 0.1 nm above the MgO surface [ Fig. 2(c) ]. Because metal deposits are typically imaged as plain protrusions in STM, 32 we suggest the Eu to be fully oxidized in those structures and even incorporated into the first MgO plane. The diameter of the islands was found to depend on the Eu load and increased from 2 to 10 nm (diameter of the dark ring) when increasing the exposure from 0.1 to 1 ML. Similar to the original metal deposits, most islands were found along the MgO dislocation lines, with only a few examples located on the oxide terraces. Apparently, the EuO x islands were preferentially stabilized at MgO surface defects at high annealing temperatures. With increasing Eu exposure, the surface turned rough as increasing amounts of 085448-2 Given its large heat of oxidation of 608 kJ/mol, 33 the Eu is likely to be fully oxidized in these films, an assumption confirmed with Auger spectroscopy. Unfortunately, no distinction between Eu 2+ and Eu 3+ , as in EuO and E 2 O 3 , respectively, was possible with our Auger system; however, we show later in this paper that most Eu is in the 3 + charge state.
B. Optical characterization of the MgO Eu films
Optical characterization of the MgO Eu systems was accomplished by cathodoluminescence spectroscopy performed in our STM setup. For this purpose, the tip was biased with − 200 V, and a field-emission current of 5 nA was stabilized with the feedback loop. The photon emission was accumulated for 300 s and analyzed for different monochromator slit widths and optical gratings. The surface region used for spectroscopy was imaged before and after each spectral run to verify the integrity of the oxide film and to exclude electron-induced damage. Figure 3 (top spectrum) shows the emission response of a pristine 10-ML-thick MgO film. It was governed by a photon peak at 400 nm, originating from the radiative decay of MgO excitons trapped at threefold coordinated oxygen sites, as discussed in earlier work. 30, 34, 35 Most recombination centers were located along the MgO dislocation lines 36 and became blocked upon Eu deposition, causing the 400-nm peak to disappear. After annealing in O 2 , the MgO emission partly recovered because some excitonic traps were cleared due to sintering and evaporation of the adsorbed metal. In addition, a new emission peak appeared ∼615 nm, matching the signature of the most intense Eu 3+ optical bands [ Fig. 4 ]. 1, 10 Evidently, the O 2 treatment transformed optically inactive Eu metal into a luminescent oxide compound. Because the occurrence of the 615-nm peak coincided with the formation of EuO x islands on the MgO surface, we suggest the latter to be responsible for the emission response.
Evidence for this correlation came from spectral series taken as a function of Eu load [ Fig. 4 ]. With increasing exposure yet identical post-treatment conditions, the 615-nm line gained intensity while the 400-nm peak disappeared, a process that suggests continued formation of Eu 3+ centers at the expense of MgO excitonic traps. The respective STM images showed an increasing number of EuO x islands on the surface [Fig. 2] . Simultaneously, the emission course developed a distinct fine structure, characterized by maxima at 300 400 500 600 700 800 585, 650, and 700 nm besides the 615-nm main band. Above an ∼5-ML nominal Eu load, a new band was detected at ∼600 nm, a spectral change that corresponded with the formation of a EuO x film on the MgO surface [ Fig. 2(f) ]. Evidently, the spectral signature of the closed film differed from the one of the nanoislands. At even higher exposure, the 600-nm band developed into the dominant spectral feature but slowly faded beyond 10-ML-EuO x thickness. The reverse trend was revealed when starting with a 5-ML-thick EuO x film and exposing it to O 2 at increasingly high temperatures [ Fig. 5 ]. Two STM images taken before and after the series reflect the associated morphological changes. At 700 K, the entire surface was covered with a disordered EuO x film that, in accordance to the previous paragraph, gave rise to an emission peak at 600 nm. The presence of a second band at 615 nm indicated that the development of EuO x nanoislands in the MgO top plane had already started at this point. Raising the temperature to 800, 900, and 1000 K caused the intensity of the 600-nm band to decrease by almost 70%, while the 615-nm emission lost only 1/4 of its original value. This spectral evolution suggests gradual evaporation of the ad-oxide, a process that hardly affected the EuO x inclusions in the MgO surface that remained unchanged until 1000 K. This scenario was supported by STM images taken after the 1000-K annealing step that displayed the bare MgO surface covered by a few EuO x islands. Annealing to an even higher temperature recovered the pristine MgO morphology and emission characteristics.
Given the small emission yield of ultrathin oxide films, the optical spectra presented so far were acquired with low spectral resolution. To gain better insight into position, width, and intensity of the photon lines, we prepared a highly luminescent film by depositing 10 ML of Eu onto 50 ML of MgO, followed by an annealing step at 1000 K in 5 × 10 −7 mbar O 2 . The resulting sample showed a sharp MgO (1 × 1) LEED pattern but was too thick for STM imaging. We expect, however, a similar surface morphology as in Fig. 2 (e) due to identical preparation conditions. The large free mean path of the 200-eV electrons rendered cathodoluminescence spectroscopy feasible in this case-yielding 10-fold-higher photon intensity, as for 10-ML films. We explain this enhancement with better decoupling of the optical centers from the Mo support, which is known to quench any luminescence. The high intensity allowed us to work with a grating of 600 lines/mm and a narrow monochromator slit width to improve resolution [ Fig. 6 ]. The respective spectrum contained more than 12 emission lines between 565 and 750 nm, with the narrowest one having a full-width-at-half-maximum (FWHM) of 1.0 nm only. An overview of the resolved photon peaks is given in Table I . The quality and richness of this spectrum is compatible with photoluminescence data obtained on bulk and powder samples, although the number of optically active centers in our films was orders of magnitudes smaller. This illustrates the large potential of the thin-film approach, especially because structural and morphological data are also available. Conversely, mixed films prepared by Eu/Mg codeposition had rather featureless spectra that we do not discuss in detail [ Fig. 3, lower spectra] . Upon annealing to 600 K, only a broad shoulder at 600 nm appeared next to the 400-nm exciton band. At higher temperatures, this shoulder became sharper but never displayed any fine structure. It vanished after annealing to 1100 K due to Eu desorption. We believe that incomplete crystallization of the MgO in the presence of the Eu impurities is responsible for the faint emission response, following the explanation given in the literature. 1, 16 
IV. DISCUSSION
The starting point for analyzing the emission properties of Eu-containing phosphors is the elucidation of the local crystal field and its impact on the free-ion emission, which requires knowledge on the Eu binding sites in the host lattice. 1, 10, 37, 38 The structure of MgO Eu mixed systems is governed by the size mismatch between Eu 3+ (110 pm) and Mg 2+ ions (65 pm). 33 Substitution of Mg with Eu therefore leads to a lattice distortion that obstructs the development of an ordered mixed phase. Low miscibility was concluded from substantial line broadening in the spectra of MgO Eu powder samples due to the presence of several nonequivalent Eu binding geometries in the rocksalt lattice. 16, 17 Our data support this interpretation, because MgO Eu mixed films always feature a high surface roughness and a low emission cross section [ Figs. 1(b) and 3] . We assume that Eu does not atomically disperse in the MgO lattice but rather forms small aggregates to minimize distortion of adjacent crystalline regions. The charge imbalance due to individual Eu ions in the 3 + charge state might be compensated for by inserting Mg vacancies into the MgO lattice, a mechanism that was demonstrated for the example of Cr 3+ dispersed in MgO. 6, 27 In general, Cr incorporation into the rocksalt lattice is promoted by the matching ion radius of Cr 3+ (75 pm) with respect to the one of the substituted Mg 2+ . As a result, MgO Cr mixed films with good crystallinity and distinct emission properties can be prepared, although no well-ordered films develop upon Eu and Mg codeposition in oxygen.
However, highly luminescent MgO Eu samples were obtained by oxidizing small quantities of metallic Eu on the MgO surface. The respective STM images display a large density of presumably monolayer islands, made of oxidized Eu [ Fig. 2(c)  and 2(d) ]. The number of Eu ions in each nanoinclusion is below 100, as estimated from the mean island diameter (3 nm) and the Eu-Eu distance in bulk Eu 2 O 3 (0.36 nm). While half of the ions are located along the perimeter to MgO and have at least three O MgO neighbors, the other half sit in the island interior and have only one O MgO beneath them. We believe that the perimeter species are mainly responsible for the emission response and find evidence for this in the well-resolved optical spectra taken on thick MgO Eu films [ (Table I ). This correspondence is no verification for the presence of identical sites in the various samples, because crystal-field effects lead only to minor perturbations of the 5 D 0 → 7 F J transition energies and similar peaks are found in rather different host oxides. [10] [11] [12] [13] Clearly, the peak related to the J = 2 final state has the highest intensity. The corresponding transition becomes forced-dipole allowed only due to odd-parity components of the crystal field acting on Eu 3+ . These odd-parity terms soften the constraints set by the dipole selection rules as they stimulate mixing of the different 4f states and of the 4f and 5d Eu orbitals. 13, 39 The high intensity of the J = 2 peak thus suggests that the respective Eu 3+ ions occupy sites without inversion symmetry and are subject to a crystal field that is governed by odd-parity terms. 13 This condition is best fulfilled for Eu ions at the perimeter of the nanoislands, which interact simultaneously with the O ligands from MgO and EuO x and hence experience an asymmetric crystal field. The relatively strong J = 4 peak ∼710 nm supports the presence of Eu 3+ species in noncentrosymmetric sites, because its intensity is determined by odd-parity crystal-field terms as well. The J 0 and J 3 transitions, however, are hardly detected because they become optically active only in the second order due to a mixing of odd and even components of the local crystal field. 15 Moreover, all J transitions display at least one high-wavelength satellite, as marked by arrows in Fig. 6 . For J = 1-4, this might be explained by the intrinsic J degeneracy of the respective transitions, whereas the splitting of the nondegenerate J = 0 level requires the presence of two different Eu 3+ sites in our samples. We tentatively assign the two species to Eu 3+ ions located at the perimeter and in the interior of the surface islands. Alternatively, the second peak might arise from Eu species dissolved in the MgO lattice. The dipole-forbidden transitions might also be enabled by vibronic effects that lead to a temporary lowering of the Eu 3+ binding symmetry. 9 As shown for Cr-doped MgO, phonon-mediated optical bands may even dominate the cathodoluminescence spectra due to an effective phonon excitation in this case. 27 However, optical transitions in RE ions are known to be less sensitive to vibronic effects, given the strong shielding of their 4f states by the outer 5sp shell. 1 Moreover, the satellites do not appear at the expected wavelength position of 17 nm above the zero-phonon line that would be in line with the maximum in the MgO phonon density of states. 9 Particularly interesting is an analysis of the J = 1 peak at ∼600 nm that has not been addressed so far. 37, 39 The 5 D 0 → 7 F 1 transition is magnetically dipole allowed even in the free ion and generates an emission peak for Eu 3+ in centrosymmetric sites. Its strength can thus be used to estimate the total amount of Eu in a given sample, independent of the local binding geometry. 15 For samples with a low initial Eu load, the J = 1 peak is roughly four times weaker than the J = 2 peak, suggesting that most Eu 3+ occupies odd-symmetry sites [ Fig. 4 , inset]. This ratio changes with increasing coverage, and the J = 1 peak rises much faster than J = 2 once a closed EuO x film develops on the MgO surface. We explain the dominance of the 5 D 0 → 7 F 1 transition in this case by the absence of noncentrosymmetric sites in the EuO x ad-oxide. 40 In Eu 2 O 3 , 085448-5 being the thermodynamically preferred oxide phase, the Eu 3+ ions occupy sites of distorted octahedral symmetry for which transitions into the 7 F 2 final state are dipole forbidden and only the 7 F 1 state gives rise to a weak emission response. The evolution of the J = 1/J = 2 ratio therefore reflects the amount of Eu 3+ localized either in the closed EuO x film or in the nanoislands. Consequently, the J = 1 intensity is found to increase with Eu exposure as the closed EuO x layer gains thickness [ Fig. 4] . Conversely, the peak diminishes with annealing temperature, because the ad-oxide evaporates much faster than the inclusions embedded in the MgO surface plane [Fig. 5] .
Finally, the FWHM of the J = 1 peak was found to be as large as 25 nm for thick EuO x films [Fig. 4, top curve] , which compares to 1 nm for the surface islands. We assign this broadening to a lifetime effect, because the dense Eu 3+ packing in the ad-oxide promotes Förster-type dilution of the original oscillator strength and enables energy transfer to nonradiative decay centers. 41 Clearly, these processes are less relevant for the nanoislands that contain only a small number of optically active centers. In addition, inhomogeneous broadening due to the presence of different Eu 3+ species in the poorly ordered thick films might contribute to the large width of the J = 1 peak.
V. CONCLUSIONS
Using STM topographic imaging and cathodoluminescence spectroscopy, we have shown that optically active samples can be prepared by annealing MgO-supported Eu clusters in O 2 . In this procedure, EuO x islands develop on the MgO surface, featuring intense light emission at ∼600 nm. The emission is governed by optical transitions within the 4f -state manifold of Eu 3+ ions and becomes dipole allowed due to the impact of a noncentrosymmetric crystal field. We believe that single Eu ions in the MgO matrix play only a minor role for the observed photon response, because the large Eu 3+ ion radius impedes incorporation into the MgO lattice.
The results discussed here could only be obtained on a thinfilm model system that has several advantages with respect to powder samples commonly used for luminescence studies. Thin films can be accessed by surface-science techniques, and important aspects of RE phosphors may thus be addressed with different microscopic and spectroscopic techniques. Our STM-based approach even enables a local detection of the optical response, although the capacity of the method could not be exhausted here because of the large electron energy required for excitation. Still, the possibility to correlate morphological and optical properties of surfaces on a nanometer scale may open interesting routes to elucidate the physics and chemistry of RE materials.
